ABSTRACT: Materials for electromagnetic shielding are increasingly needed to protect electronic devices from interference problems and to avoid dangerous effects on human health due to electromagnetic radiation. Several shielding applications require solutions that textiles can suitably fulfill. Here the electromagnetic interference shielding of metallized, PPy-coated woven and non-woven polyester fabrics is provided in the frequency range 100-1000 MHz, measuring the insertion losses produced by these conductive fabrics in a dual TEM cell. From the insertion loss data, the shielding effectiveness, and the reflection and absorption coefficients are estimated.
INTRODUCTION
T HE STUDY OF shielding humans and devices from electromagnetic fields is becoming increasingly important, due to an ubiquitous presence of radio frequency (RF) and microwave. The interference problems occurring in wireless and wired telecommunication installations close to powerful broadcast facilities or in industrial sites are well known, where the presence of generators of RF waves affects monitoring systems, internal communication systems, and so on. In the case of some microwaves, effects on human health [1] are very clear, and studies regarding the health hazards associated with exposure to electromagnetic fields are in further development.
Shields isolate a space (a room, an apparatus, a circuit, etc.) from outside sources of electromagnetic waves or prevent emissions of electromagnetic energy from internal sources, reducing radiation with new architectural RF shielding to an acceptable level [2] . Another important application is related to the housing of electrical and electronic devices. But, most of the polymers used for housing are transparent to electromagnetic radiation and suffer electrostatic discharge (ESD). To avoid electromagnetic interference (EMI) and ESD, conductive polymer composites are now extensively studied and in particular the electrically conductive textiles that are light and flexible, but able to withstand harsh environmental conditions. Moreover, textiles are suitable to provide protective clothing for people exposed to high frequency electromagnetic fields and covers for storage of electronic equipment which may be damaged either by ESD or high frequency fields.
To obtain shielding textiles, metallizing fabrics is an approach suitable for industrial scale processes, where textile screens are covered with metal, mainly by chemical methods. The shielding efficiency of metallized textile fabrics derives from energy reflection, and not from absorption. Properties of these shields are well known from experimental and theoretical points of view [3, 4] . Another approach to EMI shielding, is to incorporate electrically conductive fillers, in the form of fibers injected in to synthetic fabrics during the molding stage. As the fibers are closely spaced, the continuous conductive paths can be easily established [5, 6] .
Very promising materials are intrinsically conducting polymers (ICPs), such as polypyrrole (PPy) and polyaniline, as good materials to obtain an economical coating system for fabrics with natural or synthetic fibers [7] . In this study the attenuation of electromagnetic waves with metallized, PPy-coated woven and non-woven polyester fabrics is discussed. Measurements of the insertion loss (IL) produced by textiles are performed with a dual transverse electromagnetic (TEM) cell. Metallized fabric is used for calibration. Evaluation of the shielding effectiveness with a dual TEM cell needs some considerations in the data analysis, to increase the accuracy. The EMI shielding, the reflection and absorption coefficients are given in the frequency range 100-1000 MHz.
ELECTROMAGNETIC SHIELDING DEFINITIONS
Shielding electromagnetic radiation theory is based on two fundamental mechanisms, reflection loss and absorption loss. In the case of a conductive screen, the surface impedance is given by Z s ¼ (!/) 1/2 , where is the magnetic permeability, the bulk conductivity, and ! the angular frequency [8] . This impedance is much lower than the vacuum impedance Z 0 ¼ 377 . If a plane wave is coming on the shield, a high impedance mismatch for the wave causes strong reflections. The remaining field is transmitted through the barrier after partial absorption.
The electromagnetic radiation at high frequencies penetrates only the near surface region of an electrical conductor, according to skin effect. The penetration depth, known as skin depth , is given by ¼ (!/2) À1/2 , an expression valid if the skin depth is greater than the electron mean free path in the material. Absorption loss is proportional to the shield thickness and increases with frequency. Meanwhile, reflection loss decreases with frequency. The total loss, if the multiple reflections in the shield are neglected, is the sum of reflection and absorption losses. In the case of a multiple-laminated shield, the total reflection and absorption losses may be seen as, respectively, the sum of reflection losses at each surface and the sum of attenuation losses in each layer. All the losses, reflection, absorption, but also multiple reflections, give the total screening effectiveness (SE).
Attenuation of the electromagnetic energy may be characterized, according to the used measuring method, by two quantities: the shielding effectiveness (SE) and the IL. The SE is defined as the ratio of electromagnetic field strengths E 0 , E 1 measured without and with the tested material when it separates the field source and the receptor, respectively: SE dB ¼ 20 log(E 0 /E 1 ), in dB. It is dependent on the distance between source and receptor of electromagnetic energy but in the far field zone, it characterizes the attenuation of electromagnetic waves. A measurement carried out in the near field zone characterizes the attenuation effectiveness for electric or magnetic field component only, depending on the antennae used as source and receptor. The IL is a measure of attenuation in a transmitted signal caused by tested material insertion in the measuring channel: IL dB ¼ 10 log(U 0 /U 1 ) in dB, U 0 being the channel output voltage without the tested material and U 1 the same voltage with the tested material.
Shielding Effectiveness Evaluation with the Dual TEM Cell
Measuring methods of shielding effectiveness in screened rooms are wellknown and have been subjected to standardization [9] [10] [11] , but measurement of shielding effectiveness or IL of plastic or fabrics is rather a difficult topic, and has not up to now been standardized. As a result, several methods are used, differing in frequency range, sample dimensions, and measurement conditions.
Measurements of IL can be based on the use of a dual TEM cell [9, 12] (see Figure 1) . A typical TEM cell consists of a section of rectangular coaxial transmission line tapered down at each end to match ordinary 50 coaxial line. The TEM cell is well established as a device which creates a known broad-band isolated test field. A dual TEM cell is then simply a pair of TEM cells with the added feature of an aperture in a shared wall. The aperture transfers power from the driving cell fed at Port 1 to the receiving cell. The IL provided by putting a sample on the aperture gives an evaluation of the shielding effectiveness of the material (tested at Port 2 or 3).
A TEM cell is primarily a low-frequency device where shielding effectiveness evaluation suffers from cell resonances. At resonance frequencies, the electrical field shows maxima and minima dependent on the experimental setup (900 MHz for the device). Consequently, the measured shielding effectiveness breaks down at some measuring points and reaches a maximum at others. Since TEM cells work at low frequency, they can be investigated with small-aperture theories. Casey [13] developed a solution modeling the sample as an equivalent impedance sheet, with
where is the sample conductivity and h the thickness of the sheet. The impedance corresponds to the surface resistance of the sample. Wilson and Ma [9] obtained for the dual TEM cell, the following expression for the IL, measuring the signal at Port 2: in dB, where R c is the contact resistance between the sheet under test and the cell aperture. r is a factor coming from the aperture geometry. L S is a static constant with value 3.2 at Port 2, for high conducting samples. Insertion losses can be used to evaluate the surface resistivity of materials, once the thickness is known. From Equation (2), it is easy to see that when a resistive material is used to load the aperture, the IL is linearly dependent on frequency.
To calibrate the cell, a sheet of Ni/Ag/Nylon nonwoven fabric was inserted on the aperture, with a known surface resistance R S measured independently with a four-point setup to be 0.09 . In Equation (2), factor r depends on the shape and dimension l of the dual TEM aperture: it was estimated for a square shape as 0.579Ál by Wilson and Ma [9] . The other two parameters, the contact resistance R c and the surface resistance Z S , must be determined from the experimental data. The authors choose to estimate them with a best-fit in the frequency behavior of the theoretical insertion IL th , evaluated according to Equation (2), with experimental data IL exp collected by means of a microcomputer connected with Port 2. The best-fit is performed in the following way, by calculation of square deviation:
where the sum is over all the tested frequency. Since IL th is a function of Z S , R c , Á ¼ Á(Z S , R c ). Searching for Á minimum, one obtains values of Z S , R c giving the best agreement with experimental data. The minimization procedure used to find Z S , R c is new and different from the approach commonly used to estimate surface impedance and contact resistance from the asymptotic values of ILs, reached at high frequencies.
One obtains Z S ranging from 0.084 to 0.09 , with R c ¼ 0.02 for the Ni/Ag/Nylon nonwoven metallized fabric. Theoretical curves corresponding to the two values of surface impedance are indistinguishable (Curve a in Figure 2 ). If the insertion loss IL th , for 0.084 and 0.09 , is evaluated neglecting the contact resistance, one obtains Curve b in Figure 2 .
Following Colaneri and Shacklette [14] , to compare the results obtained with the dual TEM cell with measurements obtained with other methods, the shielding effectiveness in far-field at low frequency is introduced as:
Shielding Effectiveness Evaluation of Metallized and PPy-coated Fabrics where Z 0 , is the vacuum impedance, and SE at high frequency as:
From the last equation, if the thickness t and the skin depth are known, an estimate for the high frequency region is possible. With Equation (4), one has a SE LF ranging from 66.4 to 68 dB for Z S passing from 0.09 to 0.084 . To evaluate the role of reflection and absorption in the shielding effectiveness, the reflection R and absorption A coefficients are used, given according to the following equations:
In the case of a metallized fabric, t is the thickness of the coating, 2 mm approximately. For fabrics with PPy coatings, the thickness used for evaluating the absorption coefficient is the thickness of the sample, 0.4 mm approximately.
Polypyrrole Textile Samples and SEM Analysis
Conductive polymers obtained by adding conductive fillers to polymers are rather successfully applied in many electrical and shielding applications and are very attractive for fiber production [15] [16] [17] [18] [19] [20] [21] [22] . Unfortunately, to have a sufficient shielding effectiveness, the required high filler concentration is strongly affecting the processability, with an observed resulting resilience decrease. For this and other reasons, ICPs are becoming increasingly competitive: ICPs are conjugated polymers, with alternating single and double bonds in the polymer backbone, a necessary condition for charge carriers to move freely along the chain when doping is provided. The most prominent ICPs in EMI SE are PPy and polyaniline, where electrical conductivity can reach values comparable to those observed in poorly conducting metals and alloys. ICPs do not require conductive fillers in order to provide shielding. They may then be used with or without fillers. In the presence of a conductive filler, an electrically conducting polymer matrix has the added advantage of being able to electrically connect filler units that do not touch one another, thereby enhancing the connectivity.
Metals or metal-coated materials generally show very high EMI SE, as already presented in the previous section testing the metallized fabric. However, this fabric cannot be used as an electromagnetic wave absorber since high conductivity makes it an EMI shield by surface reflection. On the other hand, the ICPs are able to absorb as well as reflect electromagnetic waves, exhibiting then a significant advantage over metallic materials.
The PPy coated fabrics developed in Eeonyx Laboratory are prepared with individual fibers or yarn completely and uniformly coated with doped PPy, using the aqueous process. All fabrics have a high thermal stability. While imparting electrical conductivity and a dark color to the substrates, the coating process barely affects the strength, drape, flexibility, and porosity of the starting substrates. The PPy coated PET fabrics were prepared as described earlier in [15, 23, 24] , with raw chemicals purchased from Sigma-Aldrich and used without further purification. Stochiometric molar ratio of organic acid dopant, Anthraquinone-2-sulfonic acid to pyrrole-monomer (i.e., 0.33:1) was used to ensure complete doping level. The molar ratio of polymerization catalyst (iron III nitrate) to monomer (pyrrole) equal to 2.3 mol/mol was used for all reactions.
The electrical DC surface resistance R S was measured by using a fourin-line point probe in combination with computerized Loresta-AP meter from Mitsubishi Petrochemical Co., Ltd. Simultaneous in situ polymerization and deposition of conductive PPy leads to production of conductive, smooth, and uniform coating with thickness <1 . Two samples were prepared for EMI SE investigations: a PPy-coated polyester nonwoven with 18 DC surface resistance and a PPy-coated polyester twill with 40 DC surface resistance.
In Figures 3 and 4 , scanning electron micrographs of the twill and nonwoven are shown. The structure of the fabric is clearly displayed in the upper part of the figures. The structure of the fibers is much more clearly visible in the lower part. Note that what looks like dust in the image is PPy residuals.
SE Measurements on PPy Samples and Discussion
The ILs for the PPy coated polyester twill and for the non-woven sample were measured with the dual TEM. In Figure 5 , the ILs of the two samples are reported to show the behavior as a function of the frequency. Curves a and b in the figure represent the best-fit for the samples of R S equal to 18 and 40 , respectively. The surface impedance parameters obtained from the best-fit with experimental data are Z S ¼ 15.5 and Z S ¼ 32 , respectively, then rather different from the values of the surface resistance R S . R c is equal to zero for all the samples, as the static constant L S that is negligible too. According to Equation (4), the shielding effectiveness at low frequency evaluated with Z S are 21.7 dB for non-woven and 15.4 dB for twill. An increase in SE is then obtained for high surface conductivity. A better conductivity produces reflection of waves, and the behavior of the shield is going to be like that of metals.
For a sample thickness of 0.4 mm, one can estimate a specific volume resistivity of the samples of 0.72 and 1.6 cm. The observations are then in good agreement with other published results on PPy/PET woven fabric [25] , measurements obtained with a different experimental setup. The EMI SE of composites prepared by Kim et al. in [25] , gradually increases from 13 to 26 dB with decrease of the specific volume resistivity in the region from 2.85 to 0.75 cm and then more steeply increased to 36 dB below 0.75 cm, which is due to increase of the conductivity toward a metallic conductivity. The relationship between SE and electrical conductivity of the PPy composite coincides with the relationships reported for other conducting polymer systems, such as polyaniline film [26] and polyaniline/polymer composite [27] .
To evaluate the role of reflection and absorption in the shielding effectiveness of the textiles, the IL measured with the dual TEM cell at 800 MHz, the shielding effectiveness according to Equation (4), the reflection and absorption coefficients R and A, according to Equations (6) and (7) are reported in Table 1 . As the thickness of the shield, for twill and non-woven the thickness of the sample 0.4 mm approximately is used for both samples. The relative permeability is set equal to 1 for all the fabrics. As regards skin depth, since it depends on the frequency, it was evaluated at 800 MHz. As shown in the table, the absorption of the textiles with PPy is in percentage more relevant. Absorption A constitutes 17% for the twill sample and 15% for the non-woven PPy coated sample of the ILs. Table 1 . Insertion losses (ILs) measured with the dual TEM cell at 800 MHz, shielding effectiveness according to Equation (4), reflection R and absorption A coefficients (see text for details), for the metallized fabric and for PPy coated samples. The absorption of metallized fabric is only 4%. Equation (4) substantially overestimates the shielding effectiveness compared with measured IL; in fact, it formally applies to low-frequency electric far-fields and does not account re-reflection contributions from the surfaces of the sample. A last comment on dual TEM measurements concerns the capacitive behavior of PPy-coated fabrics. In fabrics coated with discrete particles, one can assume a capacitive behavior changing at higher RF frequencies: modeling the PPy fabrics as a RC circuit [28, 29] , one can introduce an equation to calculate the impedance of PPy coated textiles. The impedance turns out to be Z S ¼ R S =½1 þ j!CR S , where R S is DC surface resistivity and C is the capacitance. The sheet resistance could vary with frequency, but since variation is related with the complex part of dielectric constant, one can suppose a constant value for R S , in the low frequency region.
According to [29] , RC model for textiles really apply beyond 100 , since a transition region appears around this value of surface resistance. At lower resistances, the pure resistive component dominates the reflectivity of the fabrics, while at high resistances, even though the capacitance decreases, the capacitive component dominates the reflectance behavior. In high resistance fabrics, an enhanced absorption as a function in frequency is observed. Figure 6 shows the best-fit for a sample with
, compared with the experimental IL and the curve previously obtained without inserting capacitive effect. Curve a represents the best-fit for the set of values R S ¼15.1 , R C ¼ 0.60 . Curve b represents IL th without capacitive effect. Assuming as surface resistance the value of 15.1 , a shielding effectiveness of 21.9 dB at low frequency is obtained. 
CONCLUSIONS
By means of dual TEM cell measurements one finds the ILs of metallized and PPy coated fabrics. The surface impedance is evaluated with a best-fit of the IL behavior with the frequency. The shielding effectiveness, and the reflection and absorption coefficients are then evaluated. One can find good agreement with data reported in the literature for PPy coated fabrics, confirming that, for these materials, it is possible to have EMI shielding effectiveness comparable to or even higher than EMI SE reported for polyaniline systems or metal-coated carbon fiber composites.
The increase in EMI shielding effectiveness with the electrical conductivity of the coating is due to an increase in shielding by reflection. A high reflection coefficient is coming from a shallower skin depth of composites with high electrical conductivity. The PPy coated fabrics then possess the advantage of a shielding efficiency that can be controlled by changing the surface electric conductivity.
Another important new result is the high absorption coefficient, displayed by the PPy non-woven fabrics, compared with that of a metallized fabric. It is observed that absorption has a sensible share (10%) of the total shielding effect. The shielding efficiency of metallized textile fabrics mainly derives from energy reflection, and not from its absorption. When absorption is required, PPy fabrics confirm their greater capability of absorbing electromagnetic radiation.
